OBJECTIVE -Macrophage migration inhibitory factor (MIF) is a central cytokine in innate immunity. MIF expression can be regulated by glucose and insulin, but data on the association with type 2 diabetes are sparse. The aim of this study was to test whether MIF is associated with impaired glucose tolerance (IGT) and type 2 diabetes and whether these associations are independent of metabolic and immunological risk factors and to compare the associations of MIF and IGT/type 2 diabetes with those of C-reactive protein (CRP) and interleukin-6 (IL-6) with IGT/ type 2 diabetes.
G
iven the fact that macrophage migration inhibitory factor (MIF) was initially discovered almost four decades ago, surprisingly little is known about the physiological function of this protein. MIF represents an essential proinflammatory mediator of innate immunity in antimicrobial defense and in the stress response (ref. 1 and references therein), but in addition has tautomerase/ isomerase and thiol oxidoreductase activities (2) and might participate in antigen presentation (3) .
Several studies demonstrated an association of MIF expression with obesity. It has been reported that murine adipocytes express MIF (4), and we recently also identified mature human adipocytes as a cellular source of MIF (5) . Importantly, constitutive expression levels were positively correlated with donor BMI, which suggests that MIF may be an obesitydependent mediator of macrophage infiltration of obese adipose tissue. Ghanim et al. (6) found elevated MIF mRNA in peripheral blood mononuclear cells of obese patients and increased MIF plasma concentrations in obesity, which could be lowered by the antidiabetic drug metformin (7) . Although it is indeed known that MIF expression can be regulated by insulin and may be associated with insulin resistance (8 -10) , data on the potential association between MIF and type 2 diabetes are sparse (11) .
Therefore, the two main aims of this case-control study based on the Cooperative Health Research in the Region of Augsburg, Survey 4 (KORA S4) were 1) to test whether MIF is associated with IGT and/or type 2 diabetes independent of metabolic syndrome-related clinical and immunological risk factors and 2) to compare odds ratios (ORs) of association with those for C-reactive protein (CRP) and interleukin-6 (IL-6) as previously described risk factors of type 2 diabetes.
RESEARCH DESIGN AND METHODS -The KORA S4 (previously designated KORA Survey 2000 or KORA S2000) study population, laboratory, and statistical methods have been described extensively (12, 13) . Briefly, the KORA S4 studied a sample of the adult general population of German nationality in the region of Augsburg recruited from October 1999 to April 2001. The study was conducted in accordance with the Declaration of Helsinki as revised in 1996, including written informed consent of all participants and approval by the local ethics committee. In the age range of 55-74 years, 1,653 persons participated in a standardized interview followed by biochemical and clinical analyses. An oral glucose tolerance test (OGTT) and biochemical and immunological analyses were performed as described (12) . The standardized protocol for the OGTT required fasting from 10.00 P.M. in the evening before the visit until 8.00 -11.00 A.M. the next day. This standardization is important because circulating MIF levels vary by circadian rhythm (14) . Diabetes was diagnosed according to the 1999 World Health Organization criteria. A total of 236 individuals with type 2 diabetes (137 men and 99 women) and 242 with IGT (130 men and 112 women) were available for analysis; 244 normoglycemic control subjects (137 men and 107 women) were randomly selected after frequency matching for age and sex. Blood samples were fasting in nondiabetic subjects and in 120 subjects with type 2 diabetes diagnosed during the survey and mostly nonfasting in 116 subjects with type 2 diabetes previously diagnosed by their treating physicians (mean Ϯ SD duration from diagnosis 9.1 Ϯ 6.7 years). Subjects who had positive results for GAD autoantibodies were excluded.
Sociodemographic, clinical, and laboratory measurements Standardized interviews and medical examinations were conducted by trained medical staff (mainly nurses). All assessment procedures and standard laboratory methods used to determine LDL cholesterol, HDL cholesterol, uric acid, plasma CRP, and serum IL-6 have been described elsewhere in detail (12, 13) . Hypertension was defined as use of antihypertensive treatment or systolic blood pressure Ն140 mmHg or diastolic blood pressure Ն90 mmHg. Data on CRP and IL-6 have been published before (12) . Serum concentrations of MIF were measured by sandwich enzyme-linked immunosorbent assay using an antibody pair and recombinant MIF from R&D Systems (Wiesbaden, Germany). Intra-and interassay variations were Ͻ10 and 17.4%, respectively. Samples with MIF or IL-6 concentrations below the detection limit of 34.7 and 0.24 pg/ml, respectively, were assigned a value of 0.5 of the detection limit (n ϭ 10 for MIF; n ϭ 46 for IL-6).
Statistical analyses
Data with Gaussian distribution were described by means Ϯ SD and all other continuous variables by median and 25th-75th percentiles. Differences among subjects with IGT or type 2 diabetes versus control subjects were analyzed by unpaired t test or Wilcoxon test, respectively. For dichotomous variables, absolute numbers were given and the corresponding probabilities were compared with Fisher's exact test (all tests were two-sided). The analysis of the associations of increasing MIF serum concentrations and diabetes risk was assessed after subdivision of the sample into quartiles based on the distribution of normoglycemic control subjects. Multiple logistic regression models were fitted using diabetes or IGT as dependent and the chemokines as independent variables (trend: quartiles as ordinal variables; quartile analysis: quartiles as indicator variables). These models were estimated on the subpopulations of diabetic subjects and control subjects or subjects with IGT and control subjects, respectively. Adjustment for clinical and biochemical confounders was performed by including them as independent variables in the logistic regression models. ORs and 95% CIs were estimated from the logistic regression models. The level of significance was set at 0.05. Calculations were carried out using the SAS statistical package version 8.2 TS2M0.
RESULTS -The study population (n ϭ 722) is slightly larger than the previously described group used for immunogenetic analyses (n ϭ 704) (15), but both populations do not differ statistically. The lower number is mainly due to missing DNA samples for some individuals, who were, however, included in the serological analysis. Individuals with type 2 diabetes or IGT showed significantly elevated mean or median levels of BMI, waist-to-hip ratio, body fat content, insulin resistance measured by homeostasis model assessment, HbA 1c , fasting triglyceride levels, systolic and diastolic blood pressure, uric acid, leukocyte count, CRP, and IL-6, whereas HDL cholesterol concentrations were significantly lower than in normoglycemic control subjects. In addition, patients with type 2 diabetes exhibited significantly elevated fat-free mass and decreased total and LDL cholesterol compared with control subjects (data not shown; see ref. 15 ). The IGT and type 2 diabetes groups were not significantly different from the control subjects in their smoking behavior, alcohol consumption, or frequency of respiratory infections or other inflammatory conditions during the week before the examination.
Concentrations of circulating MIF, CRP, and IL-6 in the study population Levels of circulating MIF, CRP, and IL-6 were significantly increased in subjects with IGT or type 2 diabetes compared To test whether these associations were independent of the other immune mediators investigated in this study, the fully adjusted model 2 included the adjustment for the log-transformed concentrations of the other two immune markers. This adjustment had hardly any impact on the extremely strong association of MIF with IGT and type 2 diabetes, attenuated the association of CRP with IGT and type 2 diabetes, and led to nonsignificant results for the association of IL-6 with IGT and type 2 diabetes (Table  2) . CONCLUSIONS -Our data show clearly that individuals with IGT and type 2 diabetes exhibit significantly elevated serum levels of MIF and suggest a stepwise increase of systemic MIF concentrations from normoglycemia to IGT and then to type 2 diabetes. The significance of this finding is underlined by the comparison with the known type 2 diabetes risk factors CRP and IL-6, because 1) the association of MIF with IGT and type 2 diabetes appears considerably stronger than that for CRP and IL-6 and therefore discriminates better between healthy individuals and patients with IGT or type 2 diabetes before and after multivariate adjustment for metabolic syndrome-related parameters and 2) this association is independent of these two inflammatory variables. Thus, results of our study considerably extend other evidence from smaller studies published as letters linking elevated concentrations of circulating MIF with insulin resistance (10) and type 2 diabetes (11).
The principal limitation of our casecontrol study is the cross-sectional design. Hence, we cannot identify true risk factors. However, the assessment of diabetes status by OGTT and the inclusion of subjects with IGT revealed highly significantly elevated MIF levels in IGT. In addition, the use of a well-characterized study population (12, 13) allowed the comparison of MIF with CRP and IL-6 and demonstrated the independence of the association of MIF with IGT and type 2 diabetes from these established inflammatory markers.
Several lines of evidence indicate that elevated MIF expression may have a significant impact on the immune status of an individual and the development of various inflammation-related diseases. Essential physiological functions of MIF in natural host defense mechanisms against invading pathogens include regulation of leukocyte infiltration, induction of cell activation, and secretion of proinflammatory cytokines and promotion of survival of inflammatory cells (1) . However, elevated MIF concentrations may contribute to hyperinsulinemia in proinflammatory states of insulin resistance because glucose-stimulated release of MIF from islet Data are ORs (95% CIs) for association of type 2 diabetes or IGT with MIF, CRP, or IL-6. Quartiles are based on data from normoglycemic control subjects (see Table  1 for quartile boundaries). Model 1 was adjusted for BMI, sex, age, hypertension, LDL cholesterol, HDL cholesterol, and uric acid; model 2 is model 1 with additional adjustment for log values of the other two immune mediators. *P Ͻ 0.001, †P Ͻ 0.01, ‡P Ͻ 0.05 vs. quartile 1.
␤-cells has been reported to enhance insulin secretion in pancreatic ␤-cell lines and isolated rat islets (16) . In addition, MIF participates in the development of atherosclerosis and restenosis in different mouse models (17) (18) (19) and regulates cell proliferation and differentiation, promotes tumor growth and neovascularization, and may link type 2 diabetes and increased incidence of cancer (20) . Taken together, our data strongly suggest that elevations of systemic MIF precede the onset of type 2 diabetes, but prospective studies are required to test the hypothesis that measurement of MIF may be useful for disease prediction. The finding of elevated MIF levels in individuals with IGT and type 2 diabetes may be important because MIF is involved in the development of diseases such as atherosclerosis and cancer, which are more prevalent in diabetic patients than in nondiabetic subjects.
